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High Q electromechanics with InAs nanowire quantum dots 
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In this report, we study electromechanical properties of a suspended InAs nanowire (NW) resonator. At 
low temperatures, the NW acts as the island of a single electron transistor (SET) and we observe a strong 
coupling between electrons and mechanical modes at resonance; the rate of electron tunneling is approximately 
10 times the resonant frequency. Above and below the mechanical resonance, the magnitude of Coulomb peaks 
is different and we observe Fano resonance in conductance due to the interference between two contributions 
to potential of the SET. The quality factor (Q) of these devices is observed ~10 5 at 100 mK. 



Nano electromechanical systems (NEMS) are of in- 
terest for single charge 1 , single spin 2 , and spin torque^ 
detection studies as well as to measure mass 4 6 and 
forces 7,8 . NEMS have also demonstrated continuous po- 
sition measurements near the fundamental limits set by 
the uncertainty principle 7,9 . All these experiments re- 
quire both a strong electromechanical coupling, i.e., the 
coupling between the wire's motion and its charge den- 
sity, as well as low-dissipation mechanical resonances; 
achieving both these goals in the same system can be 
challenging. We demonstrate both these features (strong 
electromechanical coupling and high mechanical Q) in an 
InAs NW resonator. 

High Q is the key to achieving high NEMS sensitivity. 
Researchers have measured Q ~10 5 at low temperatures 
using carbon nanotubes and graphene 10,11 as an active 
part of the NEMS. In comparison to carbon nanotubes 
and graphene, NWs offer a unique possibility to control 
dimensions, composition and doping during growth pro- 
cess. InAs is known for high electron mobility 12 and 
strong spin-orbit interaction 13 , which make it a promis- 
ing material for high speed electronic and spintronic de- 
vices. In these experiments, we observe that our InAs 
NW can achieve a Q of ~10 5 at 100 mK temperature. 
At low temperature, we observe sequential single electron 
tunneling while the wire resonates. The mechanical mo- 
tion causes a modification of Coulomb blockade current 
peaks; also, the tunneling of a single electron through the 
wire results in a dip in resonant frequency, suggesting a 
strong coupling between electron transport and mechani- 
cal degrees of freedom. In addition, we observe Fano res- 
onances in the conductance as a function of mechanical 
driving frequency; these result from an interference be- 
tween the change in conductance due to mechanical mo- 
tion of the wire and a direct electrostatic gating. These 
resonances are in good quantitative agreement with a 
simple model describing this interference. 
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Our InAs NWs are 50-150 nm in diameter and few 
jam long 1 —. We fabricate suspended single InAs NW 
resonator devices in a field effect transistor (FET) 
geometry^. Fig. [2(a) snows a typical device, where 
a NW of length ^3 jam and diameter ~80 nm is sus- 
pended ~ 200 nm above the substrate. Fig. QJb) 
shows conductance variation with applied DC gate volt- 
age (V® c ) displaying FET behavior at room tempera- 
ture and low temperature. Room temperature measure- 
ments of mechanical resonance are done using a hetero- 
dyne mixing techniqu o 14 i 16 i 17 . Voltages of two different 
frequencies are applied to the source and gate. Conse- 
quently, the current through the device has different fre- 
quency components. The one at the difference frequency 
is called the mixing current (I m i X ) and its magnitude 
depends upon the amplitude of mechanical resonance. 
(Imix — -j$r(A£f + £?), where G is the conductance, V g 
the gate voltage, £f the amplitude of oscillation at driv- 
ing frequency / applied to gate, and A and B are fac- 
tors depending upon the magnitude of voltages applied 
to the source and drain.) I m ix as a function of actuat- 
ing frequency shows a sharp change at electromechanical 
resonance. Fig. [2(c) shows 2D plot of measured mix- 
ing current as a function of frequency and V® c at 300 
K. We have observed non-monotonic resonant frequency 
(Fig. [2(c)) and mode mixingi^ with V® c similar to an 
earlier report^. 

At low temperatures, the resonant frequency of devices 
increases, as expected, due to variation in tension result- 
ing from relative contraction of NW and metal electrodes. 
This has been seen in other NEMS devices alsoi^. Fig. 
[2](a) shows a 2D plot of mixing current as a function 
of frequency and V® c at 5 K. We observe that at low 
temperatures, resonance features can not be detected us- 
ing mixing technique after the NW FET turns off, (to- 
wards the left of sharp vertical line in Fig. [2](a) around 
~ —20 V). This vertical line and the absence of mixing 
current towards the left of it is a natural consequence of 
the mixing current being proportional to the change in 
conductance with gate voltage 15,16 . As the gate voltage 
is swept from the off-state to the on-state of the device, 
the conductance changes from a negligibly small value to 
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FIG. 1. (Color online) (a) Scanning electron microscope im- 
age of a typical device with circuit diagram used for char- 
acterization (scale bar corresponds to 1 \im). (b) Tunability 
of NW transistor's conductance as a function of Vf c at two 
temperatures, (c) 2D plot of mixing current shows dispersion 
of resonant frequency with VP C at room temperature. 



a large value, which leads to negligible mixing current 
below the on-off value of the device. From room temper- 
ature to 5K, Q increases by two orders of magnitude and 
becomes 8709 (see Fig. [2(b)). 

Additionally, at low temperatures, our system can be 
viewed as a quantum dot exhibiting familiar Coulomb 
blockade features (Fig. [2(c)). In this regime, there are 
well defined number of electrons in the wire and to add 
an additional electron, we need to provide a charging en- 

2 

ergy (Ec = |r, where C is total capacitance) of the sys- 
tem, which is the dominant energy scale of the system at 
this temperature (Ec ^> fc^T). At Coulomb peaks, cur- 
rent flows through the wire by sequential single electron 
tunneling 19,20 . Fig. [2(d) shows Coulomb diamonds in the 
current through the NW as a function of source-drain and 
gate voltages. From the Coulomb diamonds (Fig. 12(d)), 
charging energy can be estimated (Ec = e^-AV g ) ~2 
meV at 100 mK. 

From Fig. [2(a), we see that these NW devices are 
mechanically resonating, and also from Fig. [2(c) and 
(d), that they act as SETs. Combining these two ef- 
fects allow us to study the coupling between mechani- 
cal and charge degrees of freedom 19,20 . First, we use a 
rectification technique 19,21 to probe Coulomb blockade 
physics at mechanical resonance 14 . Fig. [3(a) shows 2D 
plot of current through the device at small bias voltage 
(V sd = 100 fiV) at 1.4 K with V g DC and frequency of RF 
signal. In Fig. [3(a), horizontal features indicate mechan- 
ical resonance of the device and the vertical lines cor- 
respond to the Coulomb blockade resonances (Coulomb 
peaks). These Coulomb blockade resonances are strongly 
modified when the mechanical driving frequency equals 
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FIG. 2. (Color online) (a) Shows 2D mixing current plot as 
a function of driving frequency and V® c at 5K. (b) Shows Q 
of device to be 8709 at 5K. (c) Shows Coulomb peaks in cur- 
rent through the NW which corresponds to sequential single 
electron tunneling at 100 mK. (d) Shows 2D plot of DC cur- 
rent (on log e scale) with source-drain voltage V s a and V® c 
(Coulomb diamonds). Charging energy of the system ^2 meV 
at 100 mK. 



the resonant frequency. Due to mechanical resonance, 
Coulomb peaks become broader irrespective of frequency 
and gate voltage sweep direction. 

Magnitudes of Coulomb-blockade peak current is dif- 
ferent above and below the mechanical resonance (see 
Fig. 3(b))i^, which can be understood as arising from 
the interference of two terms, one is direct coupling of 
dot potential with applied RF actuation voltage and the 
other is modification in dot potential due to mechanical 
motion of the dot, which leads to Fano resonanc e 22 ! 23 . 
Fano resonance can be derived^ as an interference be- 
tween two contributions determining the dot potential 
and as a result the charge state. Briefly, the total con- 
ductance G total , of the device will have an additional con- 
tribution Greet, due to the mechanical resonance besides 
the normal conductance Go- As the wire oscillates, its 
capacitive coupling with the back gate will also change 
at the same frequency, thereby modulating the dimen- 
sionless gate voltage TV, in the wire. 



N(t) = C g (t)V g (t)/e = N + SN(t), 



G total — Gq + Greet — Gq + \ jjjj? (SN(t)) 2 , 



(i) 



where N is its value at V ac = and (SN(t)) 2 denotes 
time averaged quantities. SN can be expressed in terms 
of the mechanical amplitude, and we arrive at the follow- 
ing result for the rectification conductance 
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FIG. 3. (Color online) (a) Plot of the rectified signal through 
the device as a function of driving frequency and V® c at 1.4 
K. (b) Line plot of conductance of the device as a function 
of frequency at fixed V® c (-21.36 V). Left and right side, far 
from the resonant frequency, rectification signal is not same. 
Blue trace shows the fitting for Fano resonance. Right at 
Coulomb peak Q reduces to ~ 800 from ~ 5000. (c) Mod- 
ulated current through the device with frequency and V® C 
sweep at 100 mK temperature, (d) Measured Q at 100 mK 
comes out to be ^10 5 and resonant frequency, fo is 53.6838 
MHz. 



G rec t(Cb) — Gd- 



iq y 



(2) 



where 



- (cfef ) (V %) & and q y = 1. (The quantity 
(q x +iq y ) is known as the Fano factor.) Here ujo is the res- 
onant frequency, u is the frequency of applied AC signal, 
7 is the damping coefficient, z is the separation between 
NW and substrate which depends upon the amplitude 
of oscillation. k osc is spring constant of the resonator 
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m is mass of resonator), C is capacitance 



between the NW and the gate terminal, F is the driving 
force on the resonator and V g is the total voltage applied 
at the gate. Fig. [3fb) shows the conductance, right at 
the Coulomb peak, as a function of frequency at fixed 
V g DC = -21.36 V. By fitting Eqn. [Q to Fig. Mb) (blue 
curve) gives the real part of Fano factor (q x ) -1.9 while its 
calculated 14 value is -2.7 and q y = 1. While other groups 
have seen similar interference effects in electromechani- 
cal systems, this is, to our knowledge, the first time that 
a quantitative analysis has been done. From the fitting 
Q of the device right at the Coulomb peaks comes ~800 
while away from Coulomb peaks its value is ~5000, im- 



plying that due to single electron tunneling, damping in 
the system increases. 

In another set of complementary measurements at 
lower temperatures, we measured the dependence of 
the mechanical resonance frequency with V® c using 
frequency modulation (FM) mixing technique 11,24 and 
found a dip in mechanical resonant frequency at the 
Coulomb peak as seen in the rectification signal. The 
extent of coupling can also be clearly seen at mK temper- 
atures where a FM technique is used. Fig. [3^c), shows 
the 2D plot of mixing current through the device us- 
ing FM technique which shows dip in mechanical reso- 
nant frequency (this can also be seen by subtracting the 
background from the data shown in Fig. [3fa) 14 ). Sim- 
ilar dispersion has been seen in carbon nanotube a 19 i 2Q 
also. It can be understood in terms of occupation num- 
ber (charge) fluctuation at Coulomb peaks which lead 
to change in potential of the dot and hence softening in 
spring constant occurs which is seen as a dip in resonant 
frequencyi2A2£ . In our device, the tunnel rate at Coulomb 
peak (I = er, where T is tunnel rate) is ~10 times of me- 
chanical vibration while in the previous measurements 
on CNT 1 -* 2 ^, this ratio is ~300. Thus we are in differ- 
ent coupling regime compared to carbon nanotube res- 
onators. Fig. [3fd) shows a fitting function for mixing 
current (using FM) through the device which shows a Q 
of ~10 5 at 100 mK, comparable to the highest Q seen in 
synthesized nanostructures 2 ^. 

In summary, we have studied InAs NW resonators 
FET. At low temperatures, when charging energy dom- 
inates over thermal energy, NW acts as the island of a 
single SET. In this regime, Coulomb peaks are strongly 
affected due to mechanical resonance, at the same time, 
due to sequential electron tunneling, mechanical resonant 
frequency is shifted down at Coulomb peaks. Fano reso- 
nance is observed in conductance through the NW as a 
function of actuation frequency due to interference in two 
contributing terms in conductance. All these measure- 
ments suggest a strong coupling between electron charge 
and mechanical motion of the NW. The Q of these devices 
at low temperatures is observed to be ~10 5 . Along with 
strong spin orbit interaction and a large g factor of InAs, 
these high Q and strong electro-mechanical coupling de- 
vices may allow study of coupling mechanism between 
spin of electron and mechanical degree of freedom. 
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